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Abstract 
In the cement industry components are designed by using the finite element method. This practice is verified by strain 
measurements on machines in industrial use, utilising rainflow counting.  
A calculation model was developed for the assessment of such data. The model was calibrated for EN-GJS-400-15U by constant 
and random amplitude fatigue tests, based on measurement data. For test preparation, a method of omitting load cycles prior to 
load sequence reconstruction was developed. 
The experimental results show a satisfactory accuracy when using a constant characteristic damage sum, which can be improved 
by considering the damage potential of the load spectra. 
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1. Introduction 
The dimensioning process of load bearing components in heavy plant engineering is determined by large sizes 
and small built quantities of the machinery. These factors prevent a dimensioning based on prototypes. 
The design of the equipment used in the cement industry is a typical example of heavy plant engineering. In this 
industry the aforementioned challenges are typically met by using a computational approach, usually by means of 
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the finite element method [1,2]. This practice is verified by monitoring machines in industrial use. Verification is 
conducted by measuring local strains at design relevant spots. Typically, these measurements are set up for long 
term data acquisition, i.e. years. The resulting huge amounts of information require data reduction. Therefore load 
data is commonly captured using online rainflow counting. 
In this paper, a calculation model is presented to utilise the complete information given by typical rainflow 
counted data to estimate an actual degree of utilisation of the monitored component. The method was developed 
using the example of the cement industry. The calculation model was calibrated for the ductile iron EN-GJS-400-
15U by means of strain controlled constant and random amplitude fatigue tests. All load data presented in this paper 
were gathered on vertical roller mills used in the cement production process. 
2. Service loads 
(a) (b)  
Fig. 1. Rainflow matrix of local strains (a) and specific strain range-pair spectrum corresponding to the rainflow matrix (b). The data were 
collected on a vertical roller mill over a period of approximately two years and account for 287 days operational use. The shape of the range-pair 
spectrum implies a very low damage potential. 
Due to the lack of prototypes all load measurements have to be conducted on plants in industrial use. 
Representative load data is gathered by capturing large amounts of operating time. Consequently, the measurement 
systems are set up to collect data over long periods of time, i.e. years. The resulting huge amount of data makes data 
processing in the time domain impractical. Accordingly, the data is reduced by online rainflow counting. 
A typical example of a rainflow matrix is shown in Fig. 1a. The corresponding amplitude spectrum calculated 
from this matrix is shown in Fig. 1b. This spectrum illustrates the typical fatigue assessment problem of the 
machines studied: the damage potential is very low but the monitored spot was subjected to a large number of load 
cycles. 
3. Calculation model 
Because of the large sizes and costs of typical machinery, evaluation of measured data cannot be conducted by 
fatigue testing complete components. Therefore, a calculation model was developed suitable for this task, Fig. 2. 
Bearing in mind the design process and the measurement of local strains at critical spots, a local strain approach 
was chosen. Accordingly, the material fatigue properties are defined by the cyclic stress-strain curve, strain S-N 
curve and the damage parameter S-N curve: 
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Fig. 2. Calculation model 
The highly stressed volume approach [3-5] and the surface factor of the FKM-guideline [6] are used to reduce the 
material fatigue properties to component fatigue properties. The highly stressed volume approach is utilised to 
consider the decrease in fatigue strength σa,V with the increase in size of the loaded component based on the 
comparison of the material volumes V90% in which 90% of the highest local stress occurs: 
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According to Kaufmann [3] the volume exponent v applicable for the studied thick-walled cast iron EN-GJS-400-
15U is defined as v = 0.09 for 300 mm3 < V90% ≤ 8000 mm3 and v = 0.01 for V90% > 8000 mm3. 
The surface factor of the FKM-guideline [6] is used to consider the effects of the surface roughness; for the 
analysed ductile iron, values are given with Rm,N,min = 400 MPa and aR,σ = 0.16 [6]: 
)/2log(m)/log(1 min,,,, NmmzaR RRRaK  PVV   (4) 
The aforementioned factors are used to alter the damage parameter S-N curve, although this usage of a surface 
factor tends to produce conservative results [7]. 
The loading is defined by a rainflow matrix of local strains. Since no information about the load sequences is 
available, no cycle by cycle analysis is conducted. Instead, each matrix element is transformed into the damage 
domain using the damage parameter by Bergmann [8]: 
EaP tamdzaB  ,/ )( HVV    (5) 
Several input parameters are required for its calculation: the Young’s modulus E is usually known and the total 
strain amplitude εa,t is given by the rainflow matrix. The applicable factor az/d, which is used to adjust for the 
materials sensitivity to mean loading, can only be determined by experiment. The remaining values, stress amplitude 
σa and mean stress σm, have to be calculated using the Ramberg-Osgood equation [9]: 
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(a) (b)  
Fig. 3. Rainflow matrix of local strains (a) and transformation into the damage domain (b) using the presented calculation model. A value of az = 
1.0 for matrix elements with a positive mean stress and a value of ad = 0.0 for elements with a negative mean stress were used in the calculation. 
Using only the rainflow data, the damage parameter is calculated for each matrix element, giving all strain 
hysteresis loops stored inside a separate element the same damage parameter, thus transforming the rainflow matrix 
into the damage domain. Starting point for the calculation for each element is the origin of the stress-strain plane. 
The upper stress is computed from the upper strain of the rainflow element using the cyclic stress-strain curve. 
Progressing from this coordinate in the stress-strain plane, the lower stress is calculated from the lower strain 
defined by the element. Masing’s hypothesis [10] is considered in this computation. More detailed schematics can 
be taken from [11]. To further reduce the already low computational effort, the damage parameter is only calculated 
for elements containing load cycles. The result of such a calculation is illustrated in Fig. 3. The description of the 
necessary mapping of strains to the class-based representation of the rainflow matrix, Fig. 1a, can be found under 
section 4.3.1. 
With the information of the number of load cycles given by each rainflow matrix element and the knowledge of 
the respective damage parameter, the actual fatigue assessment is done by linear damage accumulation against the 
damage parameter S-N curve, Fig. 2. For this calculation no fatigue endurance limit was assumed, to consider the 
effects of the high cycle count. The slope of the damage parameter S-N curve was maintained even for regions 
connected to solely macroscopic elastic amplitudes. 
4. Experimental 
For accurate results, the presented calculation model has to be experimentally calibrated. Input data include the 
general fatigue characteristics – the strain S-N curve and the cyclic stress-strain curve –, appropriate values for az/d 
and a failure criterion, e.g. a characteristic damage sum. These parameters were experimentally determined for the 
widely used ductile iron EN-GJS-400-15U via strain controlled constant and random amplitude tests. In accordance 
to [12-14] a decrease in stiffness by 10% was used as a failure criterion in the tests. The complete set of results can 
be taken from [15]. 
4.1. Specimens 
The cast iron components used in the cement industry can all considered to be thick-walled. To account for the 
resulting effects on the microstructure of the material, specimens were taken from thick-walled sample blocks, 
which were cast simultaneously with a grinding table for a roller mill, Fig. 4. The thickness of the base material of 
200 mm resembles or even exceeds typical cross sections of machinery found in heavy plant engineering. 
47 J.R. Bisping et al. /  Procedia Engineering  101 ( 2015 )  43 – 51 
 
4.2. Constant amplitude 
The results of the general fatigue characterisation using strain controlled constant amplitude fatigue tests are 
shown in Fig. 5. 
 
(a) (b) (c) (d)  
Fig. 4. Dimensions of the sample blocks and specimen taking plan (a), dimensions of the test specimens (b), sample blocks made from EN-GJS-
400-15U (c) and typical microstructure of the ductile iron (d).  
(a) (b)  
Fig. 5. Cyclic stress-strain curve (a) and strain S-N curve for EN-GJS400-15U (b). 
4.3. Random amplitude 
For an accurate calculation the sensitivity of the material to mean loading and a failure criterion for the damage 
accumulation are left to be determined. With the basic problem of this analysis, it is very obvious to determine the 
missing parameters by random amplitude fatigue tests based on real life measurement data.  
4.3.1. Reconstruction of load sequences from rainflow matrices 
For experimental analysis of the rainflow matrices, corresponding load sequences have to be reconstructed. There 
is an existing solution to this problem with [16,17]. However, due to high cycle counts of typical matrices, Fig. 1b, 
experimental analyses based on a complete set of load cycles are impractical. To realise experimental analysis 
nevertheless, the low damage potential of the loading, Fig. 1b, was used to reduce the number of load cycles to be 
tested. This was achieved by an evaluation of the respective damage parameters of the matrix elements against the 
damage parameter S-N curve. To calculate the damage parameter for each element, the class-based representation of 
the rainflow elements, Fig. 1a, had to be transferred to a strain-based definition. This mapping of strains to the 
classes was done on the premise, that the resulting test sequence should be passed at least once without a failure of 
the specimen. Conservatively estimated parameters were applied for this calculation. A constant characteristic 
damage sum of Dc = 0.1 was used as a failure criterion. The parameter az/d were estimated to be az = 1.0 and ad = 
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0.0. For linear elastic material az = 1.0 corresponds conservatively to a mean stress sensitivity of M = 0.4 [15], 
which is above the recommendation by the FKM-guideline [6] of MFKM = 0.22 for the studied cast iron. The 
aforementioned considerations result in the mapping of the lowest class, class -50, to a minimum strain of -0.315% 
and the highest class, class 50, to a maximum strain of 0.315%, Fig. 3. 
The results in [18,19] show that, load cycles with approximately 50% of the fatigue strength at N ≈ 2 ڄ  106 can 
be omitted from a load sequence without altering its damage potential. Based on these findings, matrix elements 
with a respective damage parameter below 60% of the damage parameter S-N curve at 107 load cycles were set to 
zero. With this transformation of the initial rainflow matrix into the damage domain using the damage parameter by 
Bergmann und the subsequent evaluation against the damage parameter S-N curve, the omission is conducted 
considering the mean stress sensitivity but disregarding sequence effects on the material. The effects of this 
omission on the rainflow matrix in Fig. 3a is shown in Fig. 6a. The number of load cycles is reduced from 2.22·108 
to 1.41·106. With a ratio of the damage sums of the prepared and unprepared matrices of D/Dom = 0.99, the damage 
potential is virtually unchanged. 
More than one parameter is required for an accurate fatigue assessment using the developed model. Hence a 
second random amplitude fatigue test was designed. For the second test, the initial matrix was modified to equalize 
the mean values of the stored load cycles, Fig. 6b, but to retain the approximate amplitude spectrum, Fig. 6c. 
With the intention of verifying the calculations based on the values derived from the variable amplitude tests 
designed from the first and second rainflow matrix, a third matrix was prepared in the same way, Fig. 7c. 
Load sequences for the actual experiments were reconstructed from the matrices using the method by Dreßler 
[17]. Illustrations of the reconstructed load sequences can be taken from [15]. 
 
(a) (b) (c)  
Fig. 6. Rainflow matrix prepared for load sequence reconstruction (a), modified variant of this rainflow matrix (b) and comparison of the specific 
strain amplitude spectra of both matrices (c) 
5. Fatigue assessment 
To determine suitable parameters, post-test computations of the first and second test series, Fig. 7a-b, were 
carried out using the developed calculation model. The values of ad = 0.0 and az = 0.1 result in the lowest scatter of 
damage sums for both experimental sets and were deemed to be suitable, accounting in a characteristic damage sum 
of Dc50% = 0.039 [15]. To verify the accuracy of the now calibrated model, post-test calculation of the third set of 
experimental data, Fig. 7d, was conducted using the determined parameters. The results of these calculations are 
illustrated in Fig. 8a. The comparison of the calculated results with the experimental data show an accuracy suitable 
for practical needs. The specimens fatigue life is underestimated by a factor of 2.6 on average. 
5.1. Accuracy improvement 
To increase the accuracy of the calculation, the damage potentials of the load spectra were considered. According 
to Pötter [20], the applicable damage sum is essentially a function of the damage potential of a load spectrum and 
49 J.R. Bisping et al. /  Procedia Engineering  101 ( 2015 )  43 – 51 
 
the damage sum increases with an increase in the damage potential. These findings can be used to estimate a more 
suitable failure criterion via the KF-method [21,22]:  
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The number of load cycles to failure N̅calc,KF is computed from the respective load cycles to failure in the constant 
amplitude test Nexp, the estimated load cycles to failure N̅calc,D(D=1.0) using a constant charactersitc damage sum of 
D = 1.0 and a suitable lifetime correction exponent KKF. For the calculation model presented in this paper, a suitable 
exponent of KKF = 0.781 can be evaluated from the first two sets of experimental data [15]. The respective 
calculation results are illustrated in Fig. 8b. Post-test calculation of the verification test shows a closer match of the 
calculated results to the test data in comparison with using a constant damage sum, Fig. 8a. 
 
(a) (b)  
(c) (d)  
Fig. 7. Results of the strain controlled random amplitude fatigue tests based on the rainflow matrix in Fig. 6a (a), based on the rainflow matrix 
shown in Fig. 6b (b), the rainflow matrix used in the verification test (c) and the corresponding results (d). The illustated numbers of load cycles 
is the actual tested. 
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(a) (b)  
Fig. 8. Experimental and computed load cycles to crack initiation using a constant characteristic damage sum as the failure crtierion (a) and using 
the lifetime correction exponent to calculate the failure criterion (b). The number of load cycles is scaled up by the omission factor of the 
corresponding rainflow spectra. 
6. Summary and Conclusion 
In this paper, a method to estimate the lifetime of components found in heavy plant engineering is presented. This 
method was exemplarily developed on the basis of the dimensioning process and requirements found in the design 
of equipment for the cement industry. It is intended to be an augmentation of existing workflows, thus respecting 
existing experience and typical measurement data. 
A local approach was chosen as a basis for the fatigue life assessment. In contrast to the classical local approach, 
an element-wise assessment of the rainflow data was employed, since sequence information is typically not 
available. To ensure accurate results, the method was calibrated via strain controlled constant and random amplitude 
fatigue tests for the ductile iron EN-GJS-400-15U. To consider the effects of the large sizes of typical machinery, 
the specimens used in the experiments were taken from thick-walled blocks. All random amplitude tests were based 
on rainflow data measured on machines in industrial use. For preparation of this data, a method to omit load cycles 
without damage potential from the rainflow matrix prior to load sequence reconstruction was developed, considering 
the mean stresses of the loading. 
The calculation model was verified by a strain controlled random amplitude control test. This evaluation showed 
a satisfactory accuracy when using a constant characteristic damage sum as a failure criterion. Furthermore, the 
accuracy could be improved by considering the damage potential of the analysed load spectra via the KF-method. 
The results in this paper also illustrate that an advanced fatigue life assessment can be done under such adverse 
conditions that can be found in heavy plant engineering. 
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